To assess the relative metabolic load or risk imposed by fatness, fat mass (FM) is commonly expressed as a proportion of weight (% fat), while central adiposity is assessed using the ratio of triceps (TRI) to subscapular (SUBS) skinfolds. The statistical validity of these indices, defined as independence of the index from its denominator, has received inadequate evaluation. OBJECTIVE: To critically examine commonly used obesity indices, and to propose more appropriate approaches. DESIGN: Cross-sectional studies. SUBJECTS: In total, 148 infants; 2195 adult men aged 18 y. METHODS: log-log regression analysis was used to explore the relationships between FM and weight (WT) or fat-free mass (FFM) (adults), and between TRI and SUBS (infants and adults). RESULTS: The simple indices FM/WT, FM/FFM, TRI/SUBS and SUBS/TRI remained related to their denominators, showing their rankings of individuals to be biased by size or fatness. The appropriate power (p) by which to raise the denominator was determined from regression analyses, and differed from unity in all cases. Both skinfold ratios showed a nonlinear relationship with their denominators. CONCLUSION: Simple indices for evaluating whole-body or central adiposity are statistically flawed, and remain influenced by size or fatness of the subject. The index FM/WT is conceptually flawed because FM appears in both numerator and denominator, and the index FM/FFM p is preferable. Skinfold ratios are also problematic, and to evaluate central adiposity SUBS alone, or SUBS/ FFM p , may represent more appropriate approaches. These issues should be investigated in other studies in order to address possible influences of age, ethnicity, gender and nutritional status.
Introduction
Overweight and obesity are defined on the basis of weight relative to height, using cutoffs for body mass index (BMI). 1 In adults, the values 25 and 30 kg/m 2 have been used to categorise overweight and obesity, respectively, 1 while for children, these cutoffs have been extrapolated backwards to younger ages using standard deviation scores. 2 The statistical validity of BMI has been addressed previously, and it has been shown that the index of weight/height 2 satisfactorily adjusts weight for height for the majority of age groups, 3, 4 whereas the simpler ratio weight/height fails to do so. Thus, BMI is highly correlated with weight but negligibly correlated with height, such that the index is independent of its denominator. However, increasingly in obesity research, body composition rather than BMI is used to assess the load or risk imposed by adiposity, because the health risks associated with the condition are now known to derive primarily from fat rather than weight, and from abdominal visceral fat in particular. 5, 6 BMI is a poor index of body fat, especially in children. 7 Many studies have therefore measured body composition in place of BMI, using a twocomponent model that divides weight into fat mass (FM) and fat-free mass (FFM) . In this article we use the generic phrases 'fatness' or 'adiposity' to describe variability between individuals in terms of how much fat they have. Traditionally, whole-body fatness has been assessed by expressing FM as a proportion of weight (WT), to derive percentage fat. To assess central adiposity, the ratio of skinfold thickness measurements on the torso and the arm has also been widely used. [8] [9] [10] [11] These indices appear to have been generated for convenience, rather than with the clear purpose of addressing allometric relationships within human body composition. For example, in an early application, Schaefer 12 used the ratio of limb skinfold to truncal skinfold in order to highlight marked sex differences in fat distribution in adult Inuit that were not apparent in terms of BMI. Neither of the traditional indices is necessarily statistically valid, and for whole-body adiposity more sophisticated approaches for adjusting FM for body size have been proposed previously.
Van Itallie et al 13 proposed normalising both FM and FFM for height, deriving separate indices for these two components of weight, each adjusted for body size. Subsequently, we have shown that the optimum adjustment for height may differ between FM and FFM. 14 This approach of normalising outcomes for height rather than body mass represents a more informative way to compare individuals for the two tissue masses that comprise WT, and helps understand many aspects of body composition and its development over time. 15 It is of particular value in epidemiological studies, where variables such as physical activity may impose independent antagonistic effects on FM and FFM. However, in many studies, the rationale for measuring body fat and its distribution is to elucidate variability between individuals in the risk of various diseases, and indices that rank individuals in terms of metabolic load or risk are of great interest to both epidemiologists and clinicians. Normalising FM for height may not be the best way to assess its metabolic load or risk, as this may relate best to the amount of FM present for a given FFM, rather than for overall size. Thus, for two individuals of similar height, the load imposed by FM may still vary in relation to the level of FFM, or in relation to its relative central distribution. The aim of the current paper is therefore to evaluate indices through which the relative metabolic load of whole-body and central fat may be evaluated.
Methods
Two previously published data sets were used, one of 148 infants aged 12 weeks studied in Cambridge, UK 16 and one of 2195 young adult men studied in Pelotas, Brazil.
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For the infants, data were available for skinfold thickness measured at the triceps (TRI) and subscapular (SUBS) sites. For the adults, data were available for weight (WT), height, leg-leg impedance measured by Tanita, and TRI and SUBS skinfolds. Impedance was used to predict body composition using an equation derived by us in a subsample of the study population, using deuterium dilution as the reference method. 18 FFM was calculated by assuming a hydration of FFM of 73%, and FM was calculated as the difference of FFM and WT. In infants and adults as appropriate, the following calculations were undertaken. First, the simple indices FM/ WT, FM/FFM, TRI/SUBS and SUBS/TRI were calculated. Correlation analysis was then used to explore the relationships between TRI and SUBS/TRI, between SUBS and TRI/ SUBS, between WT and FM/WT, and between FFM and FM/ FFM. In previous work the index TRI/SUBS has been preferred over SUBS/TRI, although it is inversely related to central adiposity. If allometric relationships are taken into account, the choice of which skinfold to use as the denominator may influence the resulting ranking of individuals, and both indices are therefore considered here in order to explore this effect in more detail.
Log-log regression analysis was then undertaken for the relationships between FM and WT, between FM and FFM, between SUBS and TRI (using each in turn as the dependent variable), and between SUBS and FFM. Each variable was logtransformed, using natural log to the base E. Log FM was regressed on log WT and on log FFM, and log SUBS was regressed on log TRI (and vice versa), and the regression coefficients calculated. 
Results
A description of the raw anthropometry and body composition data is given for both samples in Table 1 . Table 2 provides correlation coefficients for the relationships between the simple indices and their denominators. In adults, the index FM/WT remained highly correlated (r ¼ 0.80) with WT ( Figure 1 ). The index FM/FFM was also correlated (r ¼ 0.81) with WT ( Figure 2 ), but the regression slope was steeper, showing that of the two indices, FM/FFM is more sensitive to the increasing level of adiposity at higher levels of WT. The index FM/FFM remained highly correlated with FFM (r ¼ 0.69) as shown in Figure 3 . Indices of whole-body and central adiposity JCK Wells and CG Victora
Figures 4 and 5 show the relationships between TRI/SUBS and TRI, and between SUBS/TRI and SUBS, for the adult men. These plots have contrasting scatters, which reflects variability in the degree of skewness of the two variables as well as the complexity of their association in individuals. The index SUBS/TRI was negatively correlated (r ¼ À0.30) with TRI; however, the association was not linear; the correlation between TRI/SUBS and SUBS was lower in magnitude (r ¼ À0.14) though still significant. In infants, both skinfold indices were negatively correlated with their denominators (Table 2) , with the effect slightly stronger in females than males. Table 3 presents the regression models for the log-log regression analyses. For all models, the regression coefficient of the independent variable was significantly different from unity. In the populations considered here, FM/FFM Indices of whole-body and central adiposity JCK Wells and CG Victora Figure 6 plots the two skinfold indices against each other, using two approaches. First, SUB/TRI is plotted against TRI/ SUBS, showing the characteristic curve asymptoting towards each axis that is obtained when a ratio is plotted against its inverse. For these simple indices, the ranking of individuals will be consistent. The accompanying scatter plot shows the scenario when the simple indices are replaced by those in which the denominator has been raised to the power p as described above, to adjust for allometric effects, that is, SUBS/TRI 0.77 and TRI/SUBS 0.93 . The wide scatter of the data demonstrates that the ranking of individuals changes according to which skinfold is the numerator and which the denominator. Thus, if allometric effects are taken into account, expressing trunk skinfolds relative to limb skinfolds does not rank individuals in the same way as when limb skinfolds are expressed relative to trunk skinfolds. Indices of whole-body and central adiposity JCK Wells and CG Victora regional fatness can be assessed. This paper has considered two commonly used indices by which the hazards of fatness have traditionally been assessedFthe proportion of FM in WT and the ratio of trunk to limb skinfold thicknesses. The role of adiposity indices in the estimation of risk emphasises the importance of appropriate normalisation. Epidemiological investigations of the risk of body fat and its distribution may correctly identify positive or negative relationships between adiposity and outcome even if the adiposity index is statistically flawed, but to categorise risk effectively, the index must be robust. For obesity, BMI has traditionally been the primary index. It has been shown to be superior to the simpler index WT/height, 19 and is statistically robust because WT is normalised for height by raising height to the power 2 in most age groups. 3, 4 In contrast, WT/height remains negatively correlated with height, 19 and is therefore inappropriate. The main limitation of BMI is that is not a direct index of adiposity, and does not reflect individual variability in total or central fatness satisfactorily. 7 When generating an index from two variables, two issues are generally important. First, in conceptual terms, it is important to select an appropriate denominator for which the numerator is to be adjusted. Second, in statistical terms, the aim of adjusting one variable for another is to remove the effect of the second variable, such that the derived index has minimal correlation with (or statistical independence from) its denominator. In the present study, we have identified conceptual problems with both FM/WT and TRI/ SUBS or SUBS/TRI. We have also identified statistical inadequacies of the two indices, which are closely related to these conceptual limitations.
In the present study, both the traditional indices of fatness proved statistically flawed, and remained significantly correlated with the variables they were intended to adjust for. As in the case of WT/height discussed above, FM/WT remained correlated with WT, FM/FFM remained correlated with FFM, and the skinfold ratios remained correlated with their denominators. This scenario means that the ranking of individuals remains influenced by variables that the index sought to adjust for, and rankings may therefore be said to be biased in relation to the size or fatness of the individual. For example, %fat increases relatively slowly as obesity increases, and hence underestimates the actual increase in FM in those fattest.
In addition to statistical validity, the variable %fat is problematic conceptually. When an index is derived in the form A/ (A þ B) , and where B4A, it tends to converge on 1/B at high values of B, and hence to show an inverse correlation with B. Paradoxically, we have shown that %fat remains highly positively correlated with weight (r ¼ 0.73). This can be attributed by the tendency, as body weight increases, for an increasing proportion of the weight gain to comprise fat. Nevertheless, because the additional FM appears on both top and bottom of the index %fat, the absolute increase in adiposity is partially concealed, and becomes much clearer if FM is expressed relative to FFM rather than WT. Thus, while the slope of the regression line relating FM/WT to WT is 0.24, that for FM/FFM and WT is 0.35. There is also a correlation between FM/FFM and FFM, such that the index FM/FFM systematically overestimates fatness in those with greater FFM. The most appropriate index was found to be FM/ FFM 2.3 , although for public health purposes it is acceptable to round the power to the closest integer, and hence use the index FM/FFM 2 . Thus FM/WT, usually multiplied by 100 and presented as %fat, is both statistically flawed and conceptually problematic, and the index FM/FFM p is preferable as an index of the relative metabolic load imposed by whole-body fat. As various factors such as ethnicity, age and nutritional status might influence this allometric relationship, it may be best to calculate p for each data set. If the relationship between FM and FFM is linear, it can be attributed to simple allometry and the effect can be removed using the regression analysis described above. However, where such a relationship is not linear, more complex biological effects may be implicated, and other statistical methods such as ANOVA may be required. The problems of nonlinear relationships are apparent in our analyses of skinfold ratios. Ratios based on two skinfolds are widely used to rank individuals in terms of central adiposity. Traditionally, the preferred index has been TRI/SUBS, even though this is inversely related to central fatness. If the skinfolds are expressed in their absolute units, it matters relatively little which of the two skinfolds is the denominator, as rankings will be consistent. However, these simple indices do not control for allometric relationships and will introduce bias, as described above. As the allometric relationship between the two skinfolds is nonlinear, the optimum adjustment of TRI for SUBS involves a different transformation from that required to adjust SUBS for TRI. This illustrates the difficulty of attempting to adjust one regional skinfold for another, as both allometric and biological factors contribute to the relationship. Both SUBS/TRI p and TRI/SUBS p are problematic Thus, whereas the index SUBS/TRI p is capable of discerning subtle differences in relative central fatness at the lower end of the spectrum of fatness, in fatter individuals it may fail to provide a useful index of risk, as there is little evidence that the adverse effects of increased abdominal fat are actually mitigated by increased fat depots elsewhere in the body. It may be more appropriate to assess central fatness either by using SUBS on its own, or by adjusting SUBS for regional or whole-body FFM. For example, the index SUBS/FFM p could be calculated using the same generic approach. Since skinfolds may often be measured without accompanying total body composition, SUBS could also be adjusted for height in like manner. Such an approach reflects a similar idea of adjusting of waist circumference for height. 25 However, adjusting SUBS for height rather than for FFM fails to address the issue of interest, namely the assessment of metabolic load or risk. We suggest that it makes more sense, conceptually, to adjust the generator of the risk (central fat) for the magnitude of the variable that is bearing the risk (functional tissues, ie FFM). As central fat is considered much more hazardous than peripheral fat, we suggest that the index SUBS/FFM p may be a more appropriate index of risk than SUBS/TRI p . However, this issue will need to be resolved by further research, identifying which adiposity indices are most strongly associated with other outcomes that categorise risk. The present article addresses only statistical issues, and aims to identify areas where the traditional approach may benefit from more careful scrutiny.
Conclusion
Approaches currently used to assess the metabolic load or risk of body fat and its distribution suffer from two limitations. First, they are statistically flawed, and fail to adjust the numerator appropriately for the denominator; this can be resolved using regression analysis. Second, they are conceptually flawed, and adjust the numerator for a denominator that is inappropriate for expressing risk over the whole range of body fatness. This is the case with %fat, and also with skinfold ratios. Our analysis suggests that whole-body fatness is best assessed by calculating the index FM/FFM p . Skinfold ratios, even in the form A/B p , remain problematic, as the adjustment of one regional fat depot for another such depot may underestimate the increase in metabolic load imposed by higher levels of central fatness.
Either SUBS alone or the index SUBS/FFM p may therefore be preferable. Further research is needed on this issue, assessing the empirical association between the different adiposity indices and health outcomes, in order to ensure that researchers are using good markers of risk.
